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TITLE OF THE INVENTION 

PROCESSES COMBINING MULTIWALL PERMREACTORS AND SEPARATORS 

FOR FUEL CELLS AND SYNTHESIS APPLICATIONS 

Inventors. 

Sawas Vasileiadis and Zoe Ziaka-Vasileiadou 

Zwatech Institute, 15549 Dearborn street. North Hills CA 91343-3267, USA 
CROSS REFERENCE TO RELATED APPLICATIONS 

Continuation in part of Ser. No. 08/595,040, now U.S. Patent 6,090,312 (Jul. 2000) 
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 
Not Applicable 

REFERENCE TO A "SEQUENCE LISTING," A TABLE, OR A COMPUTER 
PROGRAM LISTING APPENDIX SUBMITTED ON COMPACT DISC 
Not Applicable 

BACKGROUND OF THE INVENTION 
1. FIELD OF THE INVENTION 

1. This invention relates to new process designs referring to double wall or 
multiwall type permeable reactors (so called double wall permreactors or double wall 
membrane reactors) a«d to oonsecudve separators, including membrane type and 
cryogenic separators, for conducting mainly the hydrocarbon steam reforming, 
hydrocarbon carbon dioxide reforming, combined hydrocarbon steam and carbon dioxide 
reforming, alcohol steam reforming, water gas shift, paraffin dehydrogenation, methanol 
synthesis, and combination of these carbon based fuel conversion reactions for the 



production of valuable upgraded fuels and chemicals. The invention also relates to the 
utilization of the end reaction products such as pure hydrogen and synthesis gas ( 
hydrogen and carbon monoxide, hydrogen and carbon dioxide mixtures), and mixtures of 
these, into specific applications of consecutive fuel cells, gas turbines, gas engines and 
synthesis reactors by application of uniquely presented process configurations. 
2. DESCRffTlON OF Hffi RELATED ART INCLUDING INFORMATION 
DISCLOSED UNDER 37 CFR 1.97 AND 1.98 

2 The current invention describes new and improved processes which involve 
double wall or multitube permeable reactors (multitube permreactors or membrane 
reactors) and downstream separators for the hydrocarbon-steam reforming, hydrocarbon- 
carbon dioxide reforming, combined hydrocarbon steam and carbon dioxide reforming, 
alcohol steam reforming, the water gas shift reaction, dehydrogenation reactions of 
alkanes (paraffins), and combination of these previous reactions. 
3 The reactions and heats of reactions that are referred to and utilized within the 
embodiments of the invention are well known and are Usted below: 
CH4 + H2O = CO + 3H2 (Mf 298-206.1 kJ/mol), methane-steam reforming (1) 
CH4 + CO2 = 2C0 + 2H2 (Atf 298-247.3 kJ/mol), methane-COa reforming (2) 
CO + H2O = CO2 + H2 (Mf298=-41.15 kJ/mol), water gas shift (3) 
CnH2„+2=C„H2„+ H2 (endothermic dehydrogenation reactions, heat of reaction 

varies depending on the type of feedstock processed in the 
reactor, e.g. , ethane, propane, butane, pentane) (4) 
CO + 2H2 = CH3OH (Alf 298=-128.2 kJ/mol), methanol synthesis (5) 

CO2 + 3H2 = CH3OH + H2O (Air298=^9.5 kJ/mol), methanol synthesis (6) 




CHjOH + H2O = CO2 + 3H2 (Air298= 49.5 kJ/mol), methanol-steara reforming (7) 

4 The aforementioned are catalytic reactions utilizing active metals as catalysts in 
monometallic, bimetallic, or multimetallic metal compositions. The catalysts are 
supported on inorganic oxides such as on various types of alumina and enriched with 
earth metal additives to enhance catalytic activity and feedstock conversion and 
minimize deposition of carbon on active metal sites and loss of activity. 

5 Use of related processes involving catalytic reactor with downstream permeator 
configurations and systems of those were disclosed in our previous US patent # 
6,090,312 (July 2000). Use of these reactor-separator systems increase the overall 
process efficiency by increasing the total conversion of feedstocks such as the following: 
natural gas, landfill gas, coal gas, hydrocarbons, hydocarbons-C02 mixtures, methane, 
methane-C02 mixtures, alcohols. Moreover, the yields to hydrogen and carbon monoxide 
or hydrogen and carbon dioxide are increased by the use of the integrated membrane type 
permeators which separate effectively the H2 and CO2 gas constituents out of the 
reformed streams. Process efficiency is further improved by the recycling of unreacted 
and non-separated (non-permeated) hydrocarbons (e.g., methane) and carbon monoxide 
into the first (primary) reactor (reformer) or by the alternative direction of the same 
streams into a consecutive catalytic reactor (reformer or water gas shift reactor) for 
additional production of hydrogen and carbon dioxide. Direct utilization of the produced 
and separated hydrogen, synthesis gas, and hydrogen-carbon dioxide mixtures from these 
processes into consecutive synthesis reactors, fuel cells and gas turbines and engines are 
additional advantages and continuing applications and utilizations of the proposed 
processes. 
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synthesis reactors (including additional reforming or water gas shift reactors), gas 
turbines and engines, and various types of hydrogen and methanol driven fuel cells. 
9 Previous reactor and permeable reactor (membrane reactor) designs from the 
above cited references refer mainly to methane and methanol steam reforming reactions 
but not to carbon dioxide reforming, water gas shift and dehydrogenation reactions as the 
present invention also does. Also, present invention applies to higher carbon atom 
hydrocarbons and alcohols feedstocks for the occurring reactions. Moreover, previous 
inventions refer to processes occurring within a single reactor or permreactor or other 
reaction vessel instead of reactor-separator systems as the present invention describes. 
Present invention introduces processes which are based on double wall and multiwall 
pemireactors for conducting conversion-upgrading reactions of primary and secondary 
hydrocarbon and alcohol mixtures. The processing multiwall permreactors can be of 
various designs and be made by various appropriate materials as disclosed within the 
embodiments and claims of the invention. Hiese catalytic permreactors are adapted to 
specific process requirements in terms of setting values of key operating variables such 
as reaction temperature, pressure, space velocity, feed composition, catalyst composition 
and weight, in order to deliver final products (such as hydrogen and synthesis gas) in the 
required purity and throughput for the consecutive applications. Selection of such 
variables like temperature, pressure, and feed composition in the different compartments 
of the described membrane reactor system is also of significant importance. This is 
because an intercomiection and synergetic activity between the various compartments 
occurs during operation with reaction and separation operations to occur at the same 
time. Moreover, flexibility in the selection of the double wall permreactor materials such 



as metals, inorganics, polymers, and composites, allows for the design of processes 
which separate and deliver specific species (such as specific gases) with the required 
purity and throughput to the consecutive applications. Flexibility in the selection of 
functional and specific permreactor wall materials for each process operation have also 
economic advantages. Therefore, the selection of less expensive membrane materials and 
manufacturing techniques for a specific permreactor, permeator and overall process is 
available with the cuirent invented designs and will affect (reduce) the cost of the overall 
process operation. 

10 Present invention also teaches the direct utilization of end product streams to 
consecutive synthesis reactors, fuel cells, gas turbines and gas engines. Use of such low 
pollution energy systems with increased efficiency is of updated interest in utility, 
energy, chemical, refinery, automobile and environmental companies. Present invention 
focuses on converting and upgrading primary hydrocarbon feedstocks such as methane, 
natural gas, coal gas, refinery feedstocks such as naphtha, alcohol feedstocks such as 
methanol, ethanol and higher alcohols into higher calorific value hydrogen and carbon 
oxide mixtures. Also, it focuses on converting secondary, flue, and waste hydrocarbon 
feedstocks such as acidic natural gas, biomass gas, flue gas rich in CO2 and CH4 to same 
valuable end products. Therefore, present invention descnbes also enviroranentally 
benign processes which abate and upgrade at the same time, among the other feedstocks, 
otherwise waste gases to valuable hydrogen, synthesis gas, and hydrogen-carbon dioxide 
mixtures. The in situ conversion of carbon dioxide containing hydrocarbon mixtures to 
alternative fiiels and chemicals including hydrogen, and the subsequent mitigation of the 



7 



^ .oxide nesa^ve at.osphe.0 and .e„es«.. r-^o^ a.e considered 

additional benefits fron, the .mptoenmtion of this invention. 

BRIEF SUMMARY OF THE INVENTION 

„ present .nvention discloses processes wh,ch consist of do* - or 

^uMwaUpern-reactorsandsystents of suchadvancedreactors.thconsecu..ve.y placet 

..^ons, ,n con„«nson with sin,e waU ,«r.ea«e reactors and convention, 
i^pemteahle reactors. Consequently, dtfferen, double waU pemtreactor processes are 
a.scIosed.Theseareused,nca.a,y.,ch,drocarbonandalc„ho,reforn,,ng,water^ 

..drocarbon dehydrosenation reactions. T.e firs, process comprises of a double wa„ 
^r^reactor which incor^rates three concentnc hoUow cytindrica, titbes witi. the two 
,™eronest„ben,adcbype.n,eabMandpennse.ective),n„rsanic,con,postteorn»eta, 

™ater,a,sdependinsonthetypeoffeeds»c.sused,thereactionsa„dreactionc„nd,tions 

and the des.red co«pos.ti„n of the final exit streanrs. Heatin. tubes run 
«„oush,hen,ost-innercyUnderwh.chisa,so sued wtth the ntaincataiysttoconductthe 

appropnate reaction. Add.ti„nal catalyst can be piaced ,n the two outer annul, spaces 
„eatedbetweenfaroutera„dnext.nnerandbetwee„nextinnera„dn,ost,nnertitbes.By 

vary.ns.be catalyst posttion and catalysttypethtsprocesscanbeapphedtoant^bcr of 

Afferent rea«.c.s. S.nnlarly, tite second pr^ess .nvolves a double w.. pem^eactor 
whtchconststs of three c„ncentrrchollowcyl.ndrica,ti.besw.ti,.be^vo,n„er ones tobe 

„.debypenneable(andpern,select.ve)inorsanic.c«™posi.eorn,e.ln,a.e™^^ 



the oamlyst for *e n,ai„ reaction to be confined .„ fte a^ular space between the far 
outer and the next inner cyHndrioa. «.bes. Heating in thrs process is applied into the 
externa, sideofthefaroutertube. By applying catalyst at the dtfferen. annular spaces 
oreatoi between the concentric tubes. th.s process can be applied to various reactions. 
The two process, differ i„«« beat andmass transfer profiles anddistributionacross the 

radial and axial distances. Use of the described advanced pennreactor processes offer 
significant increases in conversion of reac^utts and increases in yteld and selectivity of 
products, m ,s achieved via improved mass and heat transfer, and .mproved reaction 
rates within the defined reaction and catalyst «,nes of the process as descnbed above. 
Also, the effect of removing products out of .be defined reaction .ones during the 
react.on.i„creasesthereactant conversion andtheyeldtousefiU products by shif^ngthe 

permreactors allows for systems of reactions to take place and be combined in the same 
module. Synergetic effects of utilizing products and/or reactants of these reactions to 
conduct improved processes >n a consecutive and/or pamllel manner is also a result of 
this invention. 

n Moreover, this tnvention pertains to comb.ned processes of the described 
pennreactors with consecutive permeators and reactors for fisher separation and 
processing of the post-reaction gases exiting fiom the permreactors. Permeators can be 
^ade by polymer, composite or metal membranes for the downstream concomitant 
separation of hydrogen and carbon dioxide gases, or for the sepan^tionofhydrogen only. 

These permreactor-permeator systems are applied to combined hydrocarbon steam and 
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oaAon dioxide refom,mg, hydrocartH>n..ean. reforming, hydrocarbon^bon dioxide 
reforming, alcohol s«an, reforming, water gas shift, paraffin dehydrogenation. The 
processes are capable to increase *e reaCan, conversion and *e yield .o hydrogen, 
carbon monoxide, andcarbondioxrde. The separated hydrogen andcarbo„ox.desca„be 

used in consecutive chemical synthesrs reactions and as fuel .n fuel cells, gas turbines 

and gas engines. 

,3 Theinventionalsomcludeshydrocarbon^bondioxide-steamreformingprocess 

wh.ch cons,s.s of ^rmreacors w,th cryogenic separators v,he.in the consecutive 
cryogentc separators replace the ^rmeat„rs,andapure mixture ofhydrogen and c^bon 

monoxide ,s recovered as a final product. Similar permreactors as described above are 
dir^tly interconnected with solid oxide and molten carbonate ft.el cells for using the 
product hydrogen, carbon monox,de and the unreacted steam as direct ft.elmthe anode 

of the cell. Further, the invention mdudes use of the disclosed permreactors in series 

v.,h methanol and hydrocarbon synthesis reactors for final production of methanol and 

hydrocarbons and use as fuels or synthesis chemicals. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
,4a Kgl, shows a vertical cr^s sectional view of a concentrrc double wall 
cylmdrical process permreactor with b>bular type heaters located along the im.er main 
catalyst «,ne, consisttng of an inner membrane tube and an outer membrane tube 
enclosed within a far outer impermeable tube. 

,4b Fig2, shows a sectional view of the same process permreactor as in Figl, 
i„cl„dinga,e,hreecatalystbeds.thetwocy.indertyf«im.erandoutermembranetubes. 
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^ i^e, axial heating elements, and *e inlet and outlet ports >n each section of the 

permreactor. 

He Fig.3. shov. multiple double wall process penureacto. of those descnbed in 
Figl.butwithom the fa. outer impenneabletube. which are placed synnnetrieally inside 

a larger conunon impermeable meul tube, to create a multiple tube permreactor with a 
common external area for collecting final permeate hydrogen. 

,4<1 Fig.4, shows a cross sect,on of a similar concentric double wall process 
permr^tor, consisting of a far outer and heated impermeable tube, a ne« im,er 
membrane tube and a most imier membrane tube; 

,4e Fig.5. shows multiple double wall process i^rmreactors of d,ose described in 
Rg.4, which are placed symmetrically inside a larger impermeable metal tube, to create a 
multiple tube permreactor with a common external heating area 

In the Figures below, the permreactors can be any of those described in Figl. 
Fig3, Fig.4, Fig.5 above. 

,4f Fig.6, shows a combined process which includes a catalytic permreactor in series 
„i* a consecutive permeator or a reactor for hydrocarbon and alcohol steam and CO. 
reforming, hydrocarbon CO. reforming only, and water gas shift. The reject from the 
permeator sti^un conta,n.ng non-permeate hydrocarbon and CO can be optionally fed 
into a consecutive catalytic steam reforming reactor. 

Ug F,g.7. shows a similar process witi, thts in Fifr6, ,n which the initial feedstock 
consists only of carbon monoxide (CO) and steam to undergo only the water gas shift 
.action in the first catalytic permreactor. The reject from thepermeator,COstieam, can 
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be recycled into the first permreactor or optionally fed into a consecurive water gas sMft 



reactor. 



14h Fig.8, shows a pennreactor-reactor process applied in the catalytic 
dehydrogenation of C-C, or higher alkane hydrocarbons. The reject stream from the 
permreactor rich in olefins is fed in the consecutive reactor for production of polyolefins 

or specialty chemicals. 

14i Fig,9, shows a catalytic permieactor-permeator process for the hydrocarbon or 
alcohol steam reforming reaction. The reject from the membrane permeator hydrocari>on, 
alcohol, and carbon monoxide stream can be recycled into the initial reformer or fed into 
a consecutive (second) steam reforming reactor. 

14j FiglO, shows a process of a catalytic permreactor which combines a consecutive 
cryogenic separator for hydrocarbon steam and CO, reformmg or for hydrocarbon CO, 
reforming only reactions. The liquified stream separated fi-om the cryogenic separator, 
contaimng hydrocarbon. CO, and steam can be fed into the inlet of the initial reforming 
reactor. The gaseous stream from the separator contains H, and CO. 
14k Figll, shows a process which includes a catalytic permreactor for hydrocarbon 
steam and CO, reforming or hydrocarbon CO, refonning only with complete conversion 
of hydrocarbon and CO, gases in the reactor to H, and CO, which product mtxture is fed 
directly into a SOFC (soUd oxide firel cell) or a MCFC (molten carbonate fuel cell) unit 
for electricity generation. 

141 Figl2, shows a process which includes a catalytic permreactor for hydrocarbon, 
steam, and CO, reforming or hydrocarbon CO, refonning only witit a consecutive 
methanol synthesis reactor from hydrogen, CO and CO, or from hydrogen and CO only. 



methanol powered ftel cell for electridty generation. 

DETAILED DESCWFTION OF THE INVENTION 

^^Uhcsthetopcrosssectionofthedouble^allprooesstngpennreaotorusea 

, .eant an. oar.>on dlo^de refomnng of h.— . stean, refonntng of alcohols, 
.ater gas sHft and all^e «„atton reacttons. ,t consists of a concentnc do* 
„e«.rane„al.c,.dr.c.assen,M,.thn.n.ar.,I..eatersloca.ed«r..n.heca...^ 
,„.g«.en>ost.,.ern.a.ncatal...one.Afar outer .n>pe..neahleta..)neststhetwo 

.^eable concentric (D ^ (^). ™ ^^^^^ ^ ^"^ 
,,drocarI»ns,CO.andhydrocarhons,stean,,CO.andhvdrocarl,ons,stea^ 

a.»es such as eth^e, propane, n-butane. i-hutane, P^ntane, naphtha and hrgher 
p„afr.ns.arefedw..htntherna,ncata,,s..ne,)tluoughspec.aUnletf.tt.ngsandre^^ 

Opt.onall.s.nallvolun,etr,c,uant.t,esofh,dr„gen can., added tnto awe feedsto^^^ 
. .even, the deac.va.,on of catalvs. In the .nlet of the reactor, wherein propens.t. for 
.^arocarhon craCng into oar^n is Ingh .n the a.enee of hydrogen. The h,dr.arhon 

eenu.n,^u„.andsup^rtedono«*sofalun...(MA),..-.a(T,0.,s.Uca(S,0., 

.„conMZrO,,lan.hant.CUA>,.««^of^------"'-'""'"^^^^^ 

P. the water gas shr« reaotton the catal^c ntet^s can he .uc.1, tron, copper, .nc, 
ehronuun,, cohalt enrtched wtth s,™lar earth nretals and supported on stnular nteta, 



aesenbed pen«.«o. process . appUed . wd, for a..ane «.«at,o„ — s 
^ U becomes a catalytic dchydrogenation process which u..i^ platin-. chrom,™, 

^ inorganic o.des. The above ca^^ys. are also used in *e nex. entbodi^ents 
(figures) of the described reaction-catalysis processes. 

16 The reactant pressurized gas is fed into the ntain catalytic .one (4) and the 
pressure ,« thts zone is ,„ainta,ncd the highest. Tbe pressure drops progressively f^o. 
zone (4) to zone (8) to zone (5). with outer zone (5) to be at the lowest pressure. T..S 
pressure ^dient is necessary to nraintatn an outward penneation and flow of the 
selective ga^ radially ftom membrane (2)ton,enthrane(l). Hydrogen is removed first 

along the most .nner membrane tube(2).where,nthe membrane materiaUs an inorganic 
or compos,.e material, carbon mo„o«de, carbon dioxide, steam, hydrocarbons, alcohols 
„ay also t^rmeatethrough first membra„e(2)malesserdegreethanhydrogen. An mert 
oamer gas such as argon, nrtrogen, steam oramtxture of these gasesmay also flow along 

,hc permeate amrulus. between tubes (2) and (1). through suitable inlet fitHngs. to carry 
the permeate components atafixed pressure. Permeate hydrogen is further removed vta 

permeation along the next tmter membrane tube (1), so that permeated stream contams 
pure hydrogen only, wtth pure hydrogen tobeusedinvanous applications mdudingfeed 

,0 synthesis reactors, gas turbines and engines, and fuel cells. Next tnner membrane tube 

OHsmadebyameml or non-porous .organic membrane which allowsonly hydrogen to 

permeate through, and therefore punfies hydrogen fiom the penneatmg carbon oxides. 
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.cohoU and h,— s, flowng ™ .he — ar .ne b«wee„ .he nvo 
membrane tubes. 

n Me«an,a.eriaIspen„eable.ohyd,o^nfornex.„»e,n>e.br^e«.be(ni«clude 
p^ladiun,. vanaaiu., pallaOiun. aHoys such as pa,.aa,un,-«ioUe, paUad— e. 
pauadiu^-pper. paUadi„..n.gs.e„ and o.he.. Hydrogen penneahle non-porous 
,„„.^. n-e^branes .nc.ude si«con ca^-de. s.Ucon n,«.de, .ungsten cb.de, .ungs.en 

P„.„„sa„d— .ino,g».on,en,b,anesfo,*en,os.,n„e,«bea)inc.udeo.d^^ 

of al^nina, s.Uoa, ..ania. z,.o„i. vano. .ypes of g,as. and o«>e.. Con.posi. .yP« 
™e™b™esfo,.be(2)a.e.adebydeposi.,onorfabnea.ionofapo,y™e,o,™e.a„n.o 

a porous .norganic subs.ra.e (suppor.) .o ™a.e hydrogen or hydrogen and carbon 

aeposi.ion.echn,<,uesinclud,nginc.pien.««ess,d,pcoa.insand«>.gelme*^ 
Me..and™euaaUoysfornex.inner.be(,)area,sodeposi.edonf»r„us,norgan.cor 
„e«Ur^aces.on.a.e*en, hydrogen penneable PaUad.™ and o*er,ne.aldeposr.ed 

„en.br=„es are fabr,ca.ed by eleCro.ess p...ing. e,eo«op,a«ng, spu«ering, ohe™.ca. 
vapor deposrUon, physical va^r deposi^on and Cher a^hcab.e nrera. deposi.on or 
metallization techniques. 

,S organ, polymer, conrposUe, or co^.yn,er n,e„branes are nrade by po,yn.ers 
3„eh as poiyinrides. polycarbonates. po.ysulfones, po,benznn.,dazoles, 
polyphospha^nes, P«.yan.ides, polystyrenes, polyoaprolaCa^s. pary.enes, polyvrny. 
ba,,des.po,yaceu..es,polys,loxanes and others in order .obepern,eable.ohydrogen or 
Hydrogen andcarbondioxide. composites of nrater^sare^adeashydrogenor hydrogen 



.a ca^n aio.de pe^ea.. — an. .e based on i„o,^c-.e«.—^^ 

o.sa.c, .no,^c.n,e«a..sa«o con,pos„es. Me.., n,e.a. a„o,s, „on-p»o. ino.san.o, 

.e— a. hishly se.ecUve .0 .y^^, ^i-e po- ^ — 
po,^e.a„.co..s«en,en,.anesa.ea>so.,ecUve»o*e.spec.esa.wen.^^^^^^ 

,,^n aio... The «osea douMe waU .™»a«o. process can ... an,o„s *e 
„.onea .a.na,s .0 sa.s, *e necessa. .ocess T.e aescn^ 

n.e— (2) can a,so a. as ca..yUc n,a.e.a.s . pa..y ea«.^ *e <«cu.ns 



reactions. 



The ex.en.a, space, «ea.ed between the ne. inn. .^^^ * (0 and *e 

e,.e. e.p., or n,av coniain a se,ea.ve (5) which eonve. *e .nnea. 

..drosen a«er ,ts co»«on wi* another component flown, ™ *.s exiema, space, 
such a flowrns (sweep) continent can he an — ed hydrocarbon (e.g., ai.enes. 
,^es) for c«nvers.on .0 san„a.ed hydrocarbons after co»bina.o„ with hydrogen. 

™e.ano. or hydrocarbons ,^0.^ F-s^ch synthes.s) after con,binarion w,* 
,™ea.ehy<^.n.now,ns^carrben.o.enfore— can^tomasynrhesisafter 

, contbrnaUon w,.h *e penneaie hydrogen Oher con,b,„a.ion reasons «. «o.n. 
„dsw.*pern,earehydro.ncanbe*ese.rreduc..onofaro.a.chydrocar^^^^ 

.so *ese for saturation of unsah^ted aicohois. phenois, a.dehydes. ketones, ac.ds. 
.ese for reducUon of aM and aryihaUdcs and these for reduction Of nft^ai^anes and 

aromatic mtio compounds to corresponding primary ammes 
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«n «.ough *e mos. i»ner m— tube (2). stafts 

1 0> se.es . a « pe^ea^e — *e ^ve. o. ^ 

iLUo^ — ..,.o.„o.o..eee„«.-a..»e^een*e 
:i:e«.s,s„...p...ss.o..o..o..s.s.« 

..^..»..a»a.e.eW — ------- 

.o™«.eca.a.y.. — (4)iM0U.ce„«a.a»u,»»ne(S). 

, ..aUe™.ve.o.e — .ocess».aes,sn...o.o....S. 

.a «e».o„ .e...n.es C... ~ 
..„.„..a.as,eae.a„.««™o.^. — CO 

l.e.a.e„.sa„a.e...™.—e*(0 

, , materials (ie , materials with high glass 
e^^posite, or high tentpetature poller matenals ( . . 

. re T«) which a. P^rmseleotive to both hydrogen and oart»n 
transition temperature, Ig) wi"^" ^ 

. oenneate through the next inner tube (1) as they tlow along 
dioride. The last two gases permeate tnro gn 

een^ annular .ne .er .rmea.on .om the most tnner membrane - 
_edmt^o...dCO.sused.reet.y.ehemioa.sy«.es.sap..e.^^^^^ 

..isoUltema^emethanolsynthes. C0.3H,=CH,0H.HA — 
arr.t.eedinmoltencar.natel.loells™theo,er.leleetroel.mtea.re^mn.. 
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cTi oo^rn are converted alternatively into CKi or CO 
Moreover, recovered mixtures of and COj are convertea 

..a the methanation or the rever. water gas sMftreaet-ons respective,, as ^ownnex.^ 
C0..4H.=CH..2H.O (9). C0..H,=CO.H.O (10), 
The externa, (next inner) ntemhrane 0) serves a>so as a haC^P n>en,bn.e 
.edinm ,n case the ntost tnner nremhrane (2) devCops era* or defects and its 
pemteabmty to vanous ^s rncreases. In th.s case. «,e next ,nner ntenthrane (,) w,„ 
«separatespecificsaseshasedonthese,ectedn.en,hranen.teria,sasdes^^^^ 

.hove Moreover, operation, and — ce service for repiacing o,d or damaged 
^enthranetuhesandcatalystsheconte caster w,ththeproposeddesign.heca«.thepa«^ 

of .he pern-- - interconnected proper,, via top and botton, caps and can be 
„b,ed and assentb.ed according,. The top and botton. ends where the tubes are 
„ected.esea,ed with proper .atenals or weided or ^azed to prevent gas flow 

or leak between the various compartments. 

,3 An opfona, design of the pemtreacor nray rnCude an add,t.ona, oata,ytic zone 
(S) Which is created between the nrost i™ter ntentbrane tube (2, and d. next .nner 
membrane htbe (.) .d can be used .„ various reactions and processes. Heating of the 
^efonner or reactor is achreved via cyhndrica, tubes (6) arranged synnnetrica.,y around 
.he ax^a, reaoor axrs and operated ,n *e gas combustion reg-me by « waste type 
Hydrocarbons or hydrocarbon-hydrogen mixt.es m.xed wtth oxygen or air. Unreaced 
Hydrocarbons, carbon monoxtde and non-permeatefrejected) hydrogen or an, mixtureof 

.hese species t^m the catalytic reformer out.ets(4,(3).(S)canberecyc,edas we,, into 

heating tithes (6). F,ue or waste g.es coming out ftom the interconnected tUe, ce„s. 
engmesorti*inescana,sobeuseddirect,ytoprovidethenecessa,yheat,oadintoti.bes 
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r shows a .a... section, view of .he process pe— aescribed ,n 

P,. The en,boa,n,e„. ..e.»des ca..« 4, S and S p>aoed a,o„, the « 
....sec.„„sof*epen„eac.o.T^»osUn„ern^bears,™,er — (2)w 

„e..™.e,n.hehe.sou.« — (..The .OS. .»e, .he incudes n.h..heaU„s 

„Ma.„ns i^axiailen^. Feeds... gases are en««i,n.o.hepe—™ 

.fe.you«e.A5 are iocaied in *eon.er Shell .od-sehar^ excess pressure in case ofa 
3uddenincrease.Topandho«o.eapsA.andMc,<«e*e.nle.andouUe.of.e«hu,ar 
^.eao.ors,s.e.a„ds...o^r.,.heendsof.hedi«eren.*sh,n,ea„sofpro.r 
«..„SS or housing seal or ,a..ype™a.er.a.s or welding.opreven.unwan.ed^s flow 

or leaks between the tubes. 

,5 Fig3 Shows multiple double wall process pennreac«,rs of *ose descnhed in 
after removal of *e ou.r rnr^nneahle n.he (7), which all are placed 
.^^^.y .ns.de a larger ..penneahle .he (M). .o crea« a n.ul..ple .he reaCor 

eternal area„.,co„UUnaca«.ys.(zone 5) where.naca.alyhcreaotion.sconduc.edas 

desched ,n Hg, ahove. Th.s .ype of prcess configuration is able .o process large 
..oun. of reacting feeds.ocKsand«. produce larger *roughpu.ofproduCn..xti„es.n 

comparison wi* *e single module process of Fig.l ^ 
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HS . *e .op 0,0. section, .ew of .o*e, dcve.o^ douHe waU 

.e*a..o...e.oK.n„-o..sea..e..e.o.......^^^^^^^^^ 

o. ...o^n., — - 7 

— . Ove... ... 0. a .o. o„. .oUow 

.Mo.. sMMO n.. .0 — .now .™ea«^ 

... a 0. .) ana a — (3). Mo. o.« . ™a e 

hytogen and partly to the other reaction species. 

^..enveaconcentnc — — yhasproper,nietanao..etr,.t,nssfor 

«,e feecUtoc. and « - species s.nn.ar to those 

.3cn^.n.s.ia„a.S.a.ve.ietanaont,et«t..areconnecteain.otheen.o 

.„„.„asesno.n,thro„s..esespaces.T„pa„ahot.omca.are.sonseatoseaithe 

„the«cy.,naersisr.Uea.ththeappropnatecata,ys,»peUetorpart.c>e 
,™t„nr.ethecata.yt,creaction.nes(4),(5,anaC,).Pro.rca.a,ystisuseafor.ch 

..mrin. «ater ^ shr« ana aehyarosenatron reacttons. Catalysts nsed in these 
.eaCons are same ..h those — ahove ,n the aescr.pt.on of e»h„ai.ent of 
,,..hepressnre,shisher.„.o„e(4,.aaropsprosress.ve,y.nw.asfron..one(.)t„ 
_-,,.„.„eC3>,.th .one.) tohe at the lowest press.. ™s pressure ^aien. 

. n «nd flow of gases inwards from membrane (2) to 
assures the selective permeation and flow ot gase 

membrane (3). 
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2S I„s.ean,,CO,refon„ingofhydroca.bons.steam.fon»i„gofalo^^^^^^ 

..ane deh,a.oge».on «ac.o.. h.d^gen is removed along ne..inner 
,a«al n,e»b™e surface (2). wi«, oart»„ — carbon d,ox,de, s^, 
.^arocarbons, alcohols to possibly also pcnneate trough *esa™e—es^^^ 

a,esse.aegrec*a„b,d,oge„depe„di„gon*e.„«of*e — usedAn 

.ong *e penneate annular .ne, be^veen nrbes (2) and (3). trough *e inle. ««inp, to 
,^.bepennea.econ,ponen.sataspecificpressu,evalue.P— hydrogenisfWther 

.nroved through pemrction along the lateral surface of ntost-n^er nrentbrane tube (3) 
so that final permeate stream contarns pure hydrogen only.withpurehydrogentobeused 

,„ various subsequent appUca.ons,nc.uding feed to synthests reactors, gas turbines.^ 

engines, and fuel cells. 

29 The ntost-inner membrane tube (3) is made by a metal or n„n.p«rous inorganic 
membrane v.hich allows only hydrogen to permeate through and therefore pur,f,es the 
Hydrogen ftomthepermea.ngoarbono.ides, steam, hydrocarbons andalcohols, flowing 
,„*ecentralan„u,ar«,ne(7).Themembra„esin.ubes(2)and(3,aremadew,thsimrlar 
„anufac.uri„gtechn„uesasthosedescribedmembodime„tofFig..Membra„es(2)a„d 
(3, ^ act also as catalysts to partly catalyze the occurrmg reasons. The most-inner 
..mbrane tube can be either empty or may contain a selectrve catalyst (5) whtch can 
convert permeate hydrogen ^er combination with another component flowing through 
^ inner bore of this tube. The reactions occurring are sonilar to these descrrbed tn 
embodiment ofFi,l.Mtemat,vely,pure permeated hydrogen can be used as drrect feed 
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Hydrogen base. n.b^es and engines, fuel ceUs. and other power generation 
equipment. 

30 Permeation of hydrogen through next inner nren,bra.e h,be (2) shifts the 
tHeHnCynan^c e,ui,ibriun> oonvers.on of reaotant spec.es to the product side and 
producesexcesshydrogen»dcartK.nox.deproductsin.one(4).Mos.-.nner membrane 

tube (3) thereby, serves as a finai p«rmeab.e med,un, for the recovery of hrghly pure 
hydrogen for use rn hydrogen utilixaUon applications. Most-inner ™en,brane tube (3) 
serves aiso as a section ™ediun> for hydrogen out of the central annular zone (7) so 
that partial pressure ofhydrogen lowers substantially alongthe annular .one, and thereby 

continuous dnving force exists for permeation of hydrogen f^om ti-e catalyt. reaction 
zone (4) into the central annular zone (7). 

„ M an alternative to ti,e disclosed process and design, for low operating gas 
reformrng and dehydrogenation tentperati^res (e.g., between 200-500«C) and tn the 
absence of stea. as reactan, the next inner membrane tube (2) can be made by » 
.„organic or composite matenal and the most inner membrane tube (3)canbemadeby 

.norganic, composite, or high temperati^e polymer materials (i.e., materials w,th htgh 
^ass transition tem^ratirre, Tg) wh.ch are permse.ective to both hydrogen and carbon 
d.„x,de.T.e last two gases may first penneate through the inner membrane (2,andflow 

along the cential annular zone (7) as they finally permeate through membrane ti*e (3). 
The recovered mixtirreofH^and CO. ,nzone(4)can be used ,nti,eappUcations already 

described in embodiment of Fig. I 

32 Themostinnermembranetube(3)servesa.soasabackupmembraneincasefirst 
.nner membrane (2) develops crac^ or defects and «s permeability to various gases 
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„. . this case, *e .os. ^ — (3) se.ec.ve. separ^e specfie 
^...ua.nsh,a.o..b.se.»*e selected — — asaesc^^ 
0,.«o„a,»d— ance.rvicefot^.ac.nsoido.a»-a^ — 
.^....hedescnMpe— become eas-e^with^epro^seaoes,^™ 
^^„me..™reac.ota«in.e_.eaptope.yv.atopa„dboUon.cap.andcan 

^ „«ed and asse^Wed accord.,,. The top and bottotn ends of the 
..coonnected tu^ are sealed, ..azed. ot welded w,th ptope. — to prevent gas 
flow and leaks between the various compartments. 

33 An optional desi^ ot the permreactor may inc.nde an additional catalyse .ne 
(,)wh,ch,screatedhe.weentheim,ermemhra„etube(2,and,hemos. inner membrane 

tube (3) and can be used in various reactions and processes. 

3, Hea.ngoft^describedreactor,sachievedviaextemalheatprov,sion(»ne6). 

^ external to the reformer combustion regrme can be ^.ed by flowmg waste ^ 
Hydroca,bonsorhydrocarbon.hydr„.enm,x.uresm.edw.thoxy,enora.r.nueorwaste 

^scom-nsoutftomtheintereonnected^el cells, enstnes or turbinescanbcalso,^ 
^.ectly to ^ovrde the necessary heat h. .ne (6, Unreacted hydrocarbons, carbon 
„ono.de and non-permeate hydrogen products, or any mixture of these post-reaction 
.pec.escomingout„ftheout.etscom,ec.edw,.hthccatalyst.ones(4),(5)or(7,canbe 

.ecycled as we,, into the external combusUon-heating .ne (6, Opt,ona..y, externa. 

e.ementsmcon.actwith.heo.er tube. Thus,the.atera, sectional vrewof the dcscrrbed 
processmg.rmreaotor.nFig.4.ss.mi.arw,ththisofF,g.2w.ththeexcepHon that there 
^„otubu,»,y;.heaters.nthemostinnerannu.a..ne(5)asshown.nFig.la„dP.g.2. 
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aWe to process large amounts of reacting le 

,..tnn^s,ncon,panson.t.*e.ng,en.oa.eprocess.own,nBs.4. 

.j^t^aseconaconsec.. reactor) an... an op«o..«co^^^^ 
opuouai contains 
for conauCng refonnmg and gas shift reacUons In Ftg.6, str 

.V, fcai Ingher alkanes (paraffins), naphtha, 
hydrocarbon feedstocks such as methane (CH,), hrgh 

„rt CO and introduced in catalytic pcrmreactor A for 
natural gas, mixed wth steam and CO. 

....eo.,yreac.onsa),.) and C3), or m.ed..CO^^^^ 

.nductrngreac.o..)andC3>.Somehydrogenmayheaddedmtostream 

^ ^««,-Pw carbon formation trom 

^ CO ^ — - — ^ 
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.«ea™s.a„d.2«hicha,efeddirecUyin.o«ac«,.Aa„<iErespect.veIy. 

3s s.an..o™s.ea.6.«seav.s«ea.s,0,.a„avaWesBl,BUop.ov,ae *e 

.eao, oon.e. . — B. S«e™ . ^ «.o.^ a ^ pan.. C (a 
„o..„.a<^-n,.o.n,ovea„,.on— -so.— a»a..o.^.hee«, 

,™ea« H. u^tea .y^oca^n (e CH,) and CO. sases a„a .as ^ 

..,e.a.*eope.«ns«.pe.n.eo.pe™ea.„.O.H.o..«.a„aCO.a..e™vea 

.„ pennea. s.ea. U of penneato. O, *.o„^ - pe™se,eo.ve ac«o„ of a .e... 
.„o,^.c, polyene o. ccposue — .spec^.,. No„ .™ea..S -ea. . 

sees, CH,),COa„aCO.o..,.oo...a.CO^^^^^^^^^ 

aepen.. o„ *e ^ of — ^ . .™ea.o. O. .0. pe^ea.0. O, 
.0.SH s^ea. U as .ea s«a.. S.ea. . ... ,n.o ..^e. B. eonauCn. 

.a (3), a„a be eo^venea « proa„«s H. CO. CO. H. a„a CO. on,. 

aepena-ns on *e feed con..s.on of s^ean, H .n — B. Stean, . — B .s 
,„.aea.as«a.,S.U.e..eas.ea...™ovea.o™e..s.^.-,pass.n..,s 

.ea»a»ousHaHea.e«F.S.ea»..ene«.ea.on,™..o.s.ean,«fs»ean»6 
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,p,oeve,ooi.ya„dfeeaoo»pos,tionofs»ea™sUandlS,of— rE. 

eo. ..hanc, a. .y<.oea^« ^.tHes. and as . ^ tu^-. and so.. 

oxideotmoUenoarbonatefuelcellsforpowetgeneratioa 

.0 If ov^al. p^ooess — of refonne. and *e 
.a*e«n..odn..saH.andCO..xn.ine...a..,«ean.nseds.pa.^ 

„ , . ... s^ea. U » n^a^e a co^.ned H. and CO. s.ean,. T.. 
.™.„edH.CO.nn«»eca„.usedfo.d„ee. — s.*es.s.a*ee— 

.) o, as d.^. feed . .o.«n ca^na.e fne. ce„s fo. e.eo.c.. sene^non. 
„.ve., CO, oa. . condensed e.o.»eanv .o. *e .na. and 
«n can ^ Produced. Hna. H. can .e nsed fo, Cennca, syn^es. o. . 

..ec,feed,n.e,ce„sand.as — anden.nesf.po«e..ene..onappUca.ons 

, , ^pona^on, s^^ona., AppUcaHe H.d.osen dHven fuel ceUs fo. u.... ^ 

sepa^ted Mosen .on> .e process, inc.de ..on e.^an. — (P^ 
. /xjrFri alkaline (AFC), phosphoric acid (PAfC) 
solid oxide (SOFC), molten carbonate (MCFC), alkaline ( 

„odi«ca«ons and co— s of these fUe, cells. Oene.ted h,dto.en ....ct 
^.sttean.snMM.canhec„.h,ned.tho.he.chennc.con,.nents,ns.thes.s 

oicombinafontype reactions asdescribedabove.nF,g..andF,,4. 
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4, The descnbed process, able to ove.oom= the thermodynamic e^uilibtiun, 

„™.at,o„s of hy— (e... CH.) ^ -hen o.de (e... CO.) teaetant co„ve.,„n. 
a>„„gh.hetemova.ofH,o„ly.orofH,andCO,B^inpennteactorAa.<.penneat„t 

O The calorific value of the obtained H. CO product in pem^eacU-r A, is higher than 
.HsofthereacU«thydrocarb„n(e.g.,CH.), CO. and steam and the endothermic heat of 

.eac.o„isstoredin.heprod«ctswh.chcanbesubse<,uent,y„sedast.elsor,nchen„ca, 

synthesis. 

« Assummg 100% conversion of reactions (1) and (2) and reacUon (3) in 
e<,u,l,bnum,npern,reactorA,2n,o,ofCH.(w,.hhea.ofcombnst,on:425.6.ca,),ln,ol 

. ^ J 1 ™„l H,Of 2i (v»ith no heat of combustion), 
of CO.(with no heat of combustion), and 1 mol of H^O^g) l«i 

^ u »i„n m 8 kcal) and 5 mol of Hj (with heat of 
produce 3 mol of CO (with heat of combustion. 202.8 kcal) ana 

combustion. 341.5 kcal). These values are at 23"C. This corresponds to about 28% 
„ m calonfic value for the product. Endothermic heat can be provided in 
.eformersAandE^iroughflueorwastehotgasescommgoutoftheinterconnectedfUel 

eells turbines or engines and directed as input streams 3 and .3, as also described m 
Pi^, 2 3 4 5above.Par.oftheexitingstreams2andl5canbealsousedtoheat.he 

.formers. The two reformers can operate a. same or differem temperature and pressure 

conditions. 

« ,nanal.emativedesign,permeatorDisreplacedbyaca.lyticreform.ngreactor 
D wherein con.i„uous conversion of the rejected reactan. occurs from the previous 
.„ep m this case, vessels B and C are eUminated and *e inlet s«eam 8 contams 
^eaced hydrocarbons, CO, CO., some H. and umeaced s.eam. Addi.onal s.eam can 
^ added in s.eam 8 if necessary for Uie reforming reacUon. The exit reject stream .2 
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condensation which canbeusedi^si^larappUoationsasdesoribed above. 

« aescribesan— en.ofprocesssi»i.artotheonedesc„bedinF,g.6. 

.he s^ean, , oonU,. c^n — (CO) o., n^^ed wi* s.e^ a„<» 
,„„oaueea.noa..v«cpe™.ea.o.A.^ehUra,edw,*cata,.pa^.^ 

water gas shift reaction only. 

, ca.a,yticwa«sasshiftpe— A,oa„heanyof*e.«>esof.— 
aesCbea .n *e e.boa..en.s of F-.U Fig., ^ F..5 above, w,* H. >„ *e 
,e„e., case » be sepa.«. » penneate s.^ . .a va>ve H. ^ CO. sases 
eo™b>neacanbesepara.eainpe™ea.es«a.,bfo.speo,aupp— ..ano.^^^ 

..o,^c, . co..sUe — e .s used . pen.eac.0. . ^e ..eCed e.« 

,o» *e pen^eacto. contains product CO .ose*e, with unreaCed s,ea. TO) and 

„on.pen»ea.eH.™s«s.ea.aanden«..„.aheatexcha„.e,B.whe«i„.he 

n^eaced s,ea. ,s .^oved ^o.^ —.on. and b, ^ heat e.chan.n. ^ocess 
„e«stea™.s.ene.tedn.s«a™6.on,tbewa.e.o.stea.ofst^n,.S„ea™.can 

,ov.destea™in.nn,eacto,Aana.eacto,B..o„^st.a.s4anan,.3.spec.ve,. 

,„3na.te™..veo. continuous nia^e, via nse of v.vesBl,l. The stea.i„6a,..es 

.ee.chan,edheat,oad.on,st.e^2,thehotsase»uentofpe™eab,e«acto,^.. 

,.,«deHvedst.ea.s.n,I3canbenn.edd..eC.withs.^s>.<.Uwhich„e 

fed directly into reactors A and E respectively. 

, S.ean,fto™strean,.isusedviastiea„.t.,Uandva,veFt.oprovide .n^tial 
s.ea. .reactor E.S.re»,7pass.throushabed„fpartic.es(an.o,s.ureadsorbent)Cto 

.,„ove any non— sed traces of n>oisti.e and throush e.t strean. S enters rnto 
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_^COsasesaM..»eenco„.eaan.e..pe«n.o.pe™e.o.O.H.a„aCO. 

.hift reaction and conversion to H2 and CU2 
pemteabk shiil reactor A for conttnuons shift reartion an 

,nto reactorBfor add-on. .a.er.s.,ftrcaCo„,»dconvers.on.nto«na,H CO 
productsU— .can.isre.ovedfto.ne«tstrean...VPa..nS*.ss.reatn..».. 

.cat e— r . Kc. stea» ,s generated .0. water or stean, of strea. . .d ™ 
^3...3a«avaWePUsfed.ntoin.etorreac.orB.B.tstrea„.ncon.a.nsH.CO. 

prod^cts and traces of t^eactedCO depending on*eo.ra.n.cond..ons,t.t.t^^^ 
reactor E. 

SHftreactorsAandEareexo.Henn.candno.eatinput.snecessa.asw.,.fhe 

,..oasendo..e.,n.crefom.ersdescriMinprevto„sen.— . S-rea. . needs to 
.^Heated tntetnperatt^e Of .r,neaHereac.or..foreen.er,ns ..reactor. U.„. 

.Cheat content of strea.s..d.e..n..o.n ..erectors topro.de the ne^ssat. 
.eat content, the feed stre.s.artdnente„n.n».e reactors, the en.re.oc.s 

reac.orsca„operateatsan.eordifferentten.^n»ea„dpresst.conditio„s. 

« B.ts.rean,ncan.nsedseparate,vorUcanhenn.edw.*strean„ton.a.ea 

co.h.nedH.andCO.trea™.ohensedforche..ca.s.thes.sor.fUeUna.hcat.ons 
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..„„^^ov.o..eH.„pe— - — ^ova.o.H anaCO. 
,„a.c.s,n.n„e..O.T...*e.oce.«n~-COco— .a*eH. 

„„„ee.o.aa..ona..e..oaa.*c..e»e.cep...*e„.«.P— .0.^. 
to stait-up operation in permreactor A. 

,0 p^s.ane— .ofap.ocessofaca,aly.cde«na.on^— 

(P^amn) aeK,.o.„a„o„ . — a co.ee.ve 

.e«„ s.*e. .eac., . ..S, • — ^eeas.«. a. 

.a„e,p.^e,„— ..>..,„ap.*.o...aa.a„...a.pe.^e,.^^ 
.^e.U,u.aa..a.sa,evapo.^.P— S.-.ea.o*e.a.. 

..„,...nMS.of.e.eea — .oae^essca^n — .n*eca... 

f.„™hyaroca^naa.Ui„ges,«=ianyin*e,n,etofpennreao.o.A. 

„ Ca.,y.c penneaHe aeH.a.osena.o. A, ca. be an, of ^ descnbea .„ 
e„^.»..«..U..3a.ove..*H.o.sepa«,ea,„.™ea..ea™.v.a 

X.. ...ea ^ .0. .^-ea.. A — — Pa-^. 
o,e«., ana ^ of non-^nnea^ ^ea«ea P^.. - 

„ 2 »a op^onaU, -ou^ a Hea. e.cKan.« B .o ,o.e, . 
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temperance , ^vhere^n by *e he.. ex« prcce. steam .s generated stream 6 
fron,.he«aterors.ean>ofs,ream5tobeusedins,eamre,mri„gappUcatior». 

5a Stream 7, enters into reactor C which can be an olefin to polyolefn 
polymenzatton reactor or a specialty chem.ca.s production reactor from olefins. 
Polyolefins produced in reactor C in stream 8 can be ^lye*y.ene fiom ethylene 
.„„„mer which ,s coming fiom ethane dehydrogenation in permreactor A Also, 
polypro^lene fiom propylene monomer which is commgfiom propane dehydrogenatton 

i„ j^rmreactor A. S.milar,y,higherpo.yolefinscanbe produced fiom dehydrogenattonof 
brgher paraffins. Specalty chemicals productron in reactor C .nclude ethylene o.de, 
ethylene glycol, acetaldehyde, acrolein and acryhc acd fiom ethylene. Also, propylene 
oxtde, propylene glycol and ac^lonitrile fiom propylene, and methyl tert-butyl ether 

(MTBE) from isobutylene. 

The producedpure hydrogen fiom the descrihedprocess in streamlb.canbeused within 
,besamefi.eU«li«.tionandsynthes.sapplicat.onsasdescnbed,nembod,mentsofF,g.l 

^ ng,4. Paraffin dehydrogenation reactions are endothermic. and permreactor A 
.ecetves heat fiom flue gas streams3and4.odrive,he dehydrogenation react,o„s(4)to 

completion. 

53 The described process is able to overcome thermodynamic e,u,libr,um 
..mttafions for paraffin conversion met in conventional reactors, through *e remov. of 
H. product m membrane permreactor A. Endothermic heat can be provided m 
dehydrogenator A through the combustton of flue or waste hydrocarbons or unreacted 
.ecycledhydrocarbons fiom the reaction .one of reactor A. alsofiomfluehotgasheated 
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described in embodiments of Fig.l and Fig.4 above. 

Pi,, ,.p.ocessembodimen.wbichisreia.edw,**osedescribedinF.gs,6a„<. 
.bn.w..s„eamnoo«n.a.nb.— feeds...ss.basme,ba„eo.Mshera,.^es 

as napMba and na.-^ .as, aiso aicoboi fee<U.o.. s.b as me^anoi. e^anoi, 

^eb is «Ued«*ca«d.s.pa.cies.condnc.*eme*ane steam—,— 
,,.d*esim— .cut„nS-etsassb.«teac«onP,Someb.dto.nma,be 

A ..n be any of the pertnreactor types descnbed m 
55 Catalytic permreactor A, can be any me 

.e^ . .n speca. a^beafons. . an or^. »o.an.e, ot eom.s,te membt^e ,s 
^ . ,tm,ea«ot A. ^ rejected e.. s.eam .om tbe pennteactot may con»n 
,odn. CO. CO, tm^eaeted ste^ (H«S)). ^V— s, aieobo.s, and non-.tmea.e 

..m,s.movedtb.on^oonde„sat.on,andb,*ebea.e.bans.nSP-ssne.s.eam 

. .n s^eam S .om .e ^tet o. steam of st«am r Stteam S, can .oviae 

_.petn„eaaot.andteactotBt.onebs.,e^seand,0,.Otespecbve,,»an 

...,edbeat.oad.omstteam.,.bebot^e.nentf.mpetmeab,e — A,and 
,.itsdenvedstteams6,,O,a0canbem.edd,tec«,.*s.eams,andU«bicba.e 
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feddirecttyin.o — Aa«dE.espec«vely. steam ftoms-ea^Sis used via 
,020andva.veEnoprov.dc the inma. .earn .„.efo™erE.Strea™9passes«a 

^ of particles (a gesture adsori^n.) C to temove any non-condensed traces of 
.o,stt.e and throngh ex.t stream 1 1 enters into membrane permeator D. St^am . 1 has 
^ cooied ,n temperatt^e of permeator D and contains CO. CO. umeacted 
hydrocarbons, and non-permeate Hi gas species. 

« H. or both H. and CO. are removed via permeate stream ,2 of ;«rmeator D, 
U^oughdtepermseiecttve action ofametai, inorganic, polymer or compos,te membrane. 
.on.rmeat.n,streaml3conta.ninghydroca,bons(e.s.,CH.).alcobols,COandCO.or 

hydroc^ons. alcohols, and CO respecttvely. dependmg on the of the membrane 
^ ,„ permeator D, exrts from permeator D, through the re3ect stream 13. In case 
^heremst^amlScontainshydrocarbons, alcohols, andcarbonmo„o.de(CO)itcanbe 

reformmg and eonvers.on to main H. and CO. products. Mtemanve,. by use of valve 
01 stream 13 becomes stream U whrch ente. into steam reformer E for additional 
reformmg and sh.ft reactions, (reactions (1), (3)), and eonvers.on to H. and CO. 
p.„auc.s.lncase«hereinstieam,3containshydrocarbons,COandCO.,byuseof valve 

O,stre<«„3becomess«eaml4.h.ch enters .ntomod,fied steam and CO. reformerE 
f„.»dditiona.reformingandshiftre.tions,v,areactio„s(l).(2)and(3)andconversion 

into Hz and CO products. 

57 Reformers A and E are endothennic and flue gas streams 3,4 and 15,16 
respectively are usedtoprovidethenecessary heat content todriveparallclreactionsd). 

(2) and (3) to completion. The two reformers can operate at same or different reaction 
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.e»pe.t.eandpre.u.— .IfconversionishighinpeHneable — 
„„ai„operatingcond,.onMhe product in .«ea.2is mainly CO. andnon-pe^^^^ 
w^oanbe used directly .nH. CO. applications described already ■nen.bod.n.en, of 

Figs. 1 and 4. 

5g If the overall process includes a second convcnfonal reformer E and the 

.„ean,21, this product canbeusedseparatelyorUc^bemixed with st,ean,12ton>al.e 
aco^bined H. and CO. stream tobeusedinsWar applications. Altematrvely.CCcan 
be condensed c^ogenicallyftom the binary mixture and p.e hydrogen product can be 

p^duced. Hnal H. product can be used for chemical synthesis or as direct feed m fUe, 
gas turbinesandengmesfor power generationappHca.ions(e.g,.transpormtion.»d 

stationary), same to those descnbed m embodiments of the prevrous figures. The waste 
fi. gas streams comrng out ofthe interconnected fuel cells or engines and UHbines, are 

used as streams 3 and 1 5 to heat the reformers A and E. 

59 Byprovdrngextemalheatthroughflueorwastegascombustioninthereformers 
o^throughintemal stream recycling and wrth the described two heat exchangers inplace, 
d,e energy r^urrement of the one reactor^ne permeator or two reactor.ne permeator 
cascades is fiUfil.ed and these processes operate in a thermally mdependent manner 
p^ovrding for an energy efficient design. Endothermrc heat <^ be provded also m 
„f„™.ersAandEv,a the combustion of exit or recycled streams from the reaction zone 

„f.eformersAandE(s.reams2.17).asalsode.r.bedi„Figs.l.2.3A5above. 

«, FiglO .sanewembodimentofasteamandCO^hydrocarbonrefonningprocess 

^eh includes a permeable reformer or a non-permeab.e reformer followed by a 
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.,„,.c fo. .P»a«o. of e^«n. .o^ *c .... 

s.— — <»• - ™* 

cracking especially in the inlet of pemueactor A. 

• ■ f.„v of the tvoes described in embodiments 
61 catalytic permeable reformer A, ,s of any of the types 

,™eate;treamtbviavalveAl.ThereieCede.tstream.om«,epem.eactoreontams 

p^duct CO together unreacted steam (H,CXg),, CO. and hydrocarbon, and non- 
^cateH,.™sbecomesstream.andente..ntoasteamconde„serC.here.nthe 

^eac.eds,eamiscondenseda„dby.heheate,chan.ngprocessnews.eamtsgenerated 

,_n.om the water or steamof stream.. Steamthronshstreamn-srecycled 

..stream Untnletofreformer A. S.ream3.eeofsteam,e..s.omcondenserCand 

enters intoc,yogen.cse^torB,.«cho^atesatatemperatnre,o.er.han.hebo.l.ng 

„t„re„fcarb„n.o.deandhydr„carbonssothatthesecom.undsareseparated 

as mtnds and collected m the bottom of the separator. However, the operat.. 
c^ogenictemperatnteof sector .sh-sherthantheborunspointsof carbon mono^de 

.,hydrosensotha..hesecon,p„nndsrema.ningasphaseande.tfron,theseparatoras 

. ^ m,xt.e. U,.«ed components e.t ™ stream , a^ongh v.ve Bl. Oas pha. 
.parogen andca.bonmono«dee..tasstreamev,av.veB2.U,.«eds.reamVca„be 

^,c.edint„thefeedstreamofreformerA(streami)viastr«nnSafterevaporationm 



»a.s Of »,^.ea .,.«a,.»s .a CO, *e op«a.ns 

...... a. p...e„.«. — Ba„a*eco»...o„oneeas..s,.^ 

I .ecove,^H.a»aCO.s«ea»Uoae.e.*.useasepa..e,o.op.o„a.>y. 

s.ea» . .0. *e .pa.a.. .0 ..e one ^ » . -3. as .e. » 

Hsc.e.T™psch .eac^e. fo, .odu..o„ of saso- H,— , . .n sas 
.... ana e„..., a. . so,. 0.. a. n>o.. ca^na. ceUs po«. 

. S,.Ua... H. .eeov.ea . can - ^ ^ 

synthesis, as described in previous embodimente. 

,3 „,n,isan,od,fiede.bodin,en.of*eprocessdescnbedinHs.6.UappUes.oa 

, V THI CO, and steam reactants of stream 1, 

complete conversion of hydrocarbons (e.g., CH,), CO, , an 

..h.n the permeabie reformer K to H. and CO ^0^. - cccnrHns reasons are 
,>,M3)or,,,(3)on.y.Cata,y,icpermreactorA,canbeanyofthe.ypesdescriM,n 

embo<hmentsofPiSS.U3,4and3above,.thH.tobeseparatedin.nne.estream3vra 
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v.ve M. Ue eating ^ ^o'- ^' — """^ 
.,.ox.ae(SOPC)»n,o..n^na.e(MCFC,...ceU*Ms^tB.S.ea.2.s 
..ected ^ «.e anode of *e fUe. ceU. and »a.es the — . of *e «,e. ceU. 
S«a. 4 Of O, 0. air f„, SOFCs. and of CO^. » CO.. — - 

MCFC. ,e.^ve,„ and . d.eCed >„ *e ea*cde of *e fUe, eeU B. ..^ 4 « 
,«efo.*eoxida.t,for*e.o«ne,ec«oo.en,iea.«ac«onsoonduc.edwidnn 

cells for electric cuiient generation: 

taAnode: H, + tf" - H.0 . 2= (SOFC) 

Co + tf- C02 + 2e- (SOFC) 

C0,2- + — CO2 + H2O + 2e- (MCFC) 

Co,2- + CO— 2COj + 2e- (MCFC) 

^ . • (SOFC) 
In Cathode: 02 + 4e — 20 

C0.+ l/2O.+2e--CO,^- (MCFC) 
e4 Opt.onaU.pattofh,drosenf.n«penneatestteant3,can.«fedint„stre^ 
.ah.pa.s.ean,3b,«>adinsttheoon.posit,onofH.ns.tean.2.othattec,niredtofeed 
^^IcellB. Hne.as.ea„.5.susedtoptov,dethee«.thennie Heat content ntto 

^ refotnte, . Strean, 5 can he fed hy . hy^s st.an, of e.t sttean, 2. as also 
<^.edine™hcd..„e„,sofF.....3,4,5.Moteovet.sttean.V«h.eh.sthef,uehotsas 

the f.. ce„. can he also d.reced tnto sttean, 5 to n«Ke the hot heating ^ » 
.efonnet A. Refonnet A <^ be opttonall, suh^tuted h, a non-penneahle — A. 
serein al, ca«r.yt,ea..y .oduced H. ,s contained into the e.. stream 2. Valve M and 
s.e»,s3and3h ate elinr^ted^d all ^-reaeti«n^exi,.o« stream 2. F.. cell 
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• ^...rihed above with flue gas stream 7 firom the fuel 
B still operates in same fimction as descnbed above wi 

cell to heat the reformer A. 

f »r.ao.ed s.e»-. passes *ro»^ exchange, B ana ™o,su„e 
H,,C02 and traces of imreactea steam,!, 

^^ntCtoten,oveu»eacteas.ea.nanates..inanaUa.st,e^ofH.COa„ 

S^S,of.»aCO...c.Cs..es.s.)entets.nto.™e.ano.s.*es.s 
_..ete.n— ,.s..-ce..a.Mo«nse— teacns. 

CCH2H.=CH,0H,and C0..3H..CH30H.H,0 

. .eacto,0,can.as.^otca.,.cp..«o.teact„t.t.,net.ano- 

. „d the type of catalyst used Zinc, copper and c— 
composition into the reactor and the type otca y , , , „„ 

^ ™,thesis sas to methanol. Methanol from 
oxide catalysts are well known to convert synthests gas 
.earn , can . fed .to a methanol driven f.1 cell for electricty .nem«on 
^er..asasynthes.schenn..«thesyn««s.sofhr.herhydrocarhons. 
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..ea» whc. neoessa^, and to .„c«ase the efficc^y of — synthes. » 
...o,D.P,oauc.hyd.os»ton,s.rea».bca.beused„.fi.e>,*.e,oeU,a.ds^^^^^^^ 
appHoat...— ,A.sendo.Hen„.caodflue^st,ea™s3,4.e^top.ovided« 

„„bea..n.entto<^vep.a«e.eae«o„s(U(:).(3)tooo.p.et.o„.^^ 
fl„esa.s.^6o«tbeinte,— — .fUe.cenana.hee— .c — 

O, can be nsed .0 p«>viae tbe heat content .n strea. 3 to heat the .fonne, A. 
S„ea.3 canbe also fed byabypasssttean,ofs.rean,2ifnecessa^.Inana..e™«ve 
p„cessn,od«cat,o.,eac.o.Ocanbe.ep,acedbyaca.a.,t.c^.onoconductH.he. 
T.psch.eact,cnsf«.p— ncfo.e«n™,gehyd.oca.>onsf^n>tHeH,andCOfeed 

or from the H2, CO and CO2 feed. 
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